Abstract Many xenobiotics, including several pharmaceuticals and pesticides, are poorly treated in domestic wastewater treatment plants. Adsorption processes, such as with activated carbons, could be a solution to curb their discharge into the aquatic environment. As adsorbent-like activated carbon is known to be expensive, identifying promising alternative adsorbent materials is a key challenge for efficient yet affordable xenobiotic removal from wastewaters. As part of the effort to address this challenge, we surveyed the literature on pharmaceutical and pesticide xenobiotics and built a database compiling data from 38 scientific publications covering 65 xenobiotics and 58 materials. Special focus was given to the relevance and comparability of the data to the characteristics of the adsorbent materials used and to the operating conditions of the batch tests inventoried. This paper gives an in-depth overview of the adsorption capacities of various adsorbents. The little data on alternative adsorbent materials, especially for the adsorption of pharmaceuticals, makes it difficult to single out any one activated carbon alternative capable of adsorbing pesticides and pharmaceuticals at the tertiary stage of treatment. There is a pressing need for further lab-scale experiments to investigate the tertiary treatment of discharged effluents. We conclude with recommendations on how future data should best be used and interpreted.
Introduction
Research into the issue of environmental xenobiotics has recently surged. Many xenobiotics, like pharmaceutically active compounds (PhACs) and pesticides, have been quantified in surface waters (Zuccato et al. 2000; Kolpin et al. 2002) , ground waters (Ternes 2001; Heberer 2002) , and drinking water (Jones et al. 2005; Togola and Budzinski 2008) . To reduce xenobiotic release into the aquatic environment, EU regulations have promoted a phased reduction of xenobiotics discharge based on a regularly revised list of priority substances including pesticides and certain pharmaceuticals.
Conventional wastewater treatment plants (WWTPs) have been singled out as one of the main point source of xenobiotic transfer into the aquatic environment (Bendz et al. 2005; Carballa et al. 2004 Carballa et al. , 2005 Lishman et al. 2006; Vieno et al. 2006; Palmer et al. 2008; Spongberg and Witter 2008) . Indeed, treated effluents released by conventional WWTPs still contain significant concentrations of several xenobiotics due to their poor biodegradation in secondary treatments and/or their high levels in raw influents. Pesticides and PhACs are of particular concern, since many of these substances are poorly biodegradable and highly hydrophilic. For instance, there are regular reports of effluent concentrations over 0.1 μg L −1 for several pesticides (diuron, glyphosate, AMPA) and PhACs (e.g., sulfamethoxazole, roxithromycin, ibuprofen, carbamazepine, propranolol, acebutolol, atenolol, sotalol, paracetamol, ketoprofen, gemfibrozil, diclofenac (Ternes et al. 2004; Gabet-Giraud et al. 2010; al. 2010; Falås et al. 2012) ; and even reports of effluent concentrations over 1 μg L −1 for certain xenobiotics, including aminomethylphosphonic acid (AMPA), ibuprofen, and gemfibrozil (Martin Ruel et al. 2010) .
Advanced processes, such as UV or ozone oxidation, nanofiltration (NF), and reverse osmosis (RO) have been shown to improve treatment for a majority of xenobiotics, with removal efficiencies of over 90 % for many xenobiotics poorly eliminated in conventional WWTPs (Verlicchi et al. 2010; Martin Ruel et al. 2011) . However, these processes are not "eco-friendly" Høibye et al. 2008) and cannot be made sustainable until we address a number of issues such as the treatment of concentrate by RO/NF processes or the formation of toxic metabolites during ozone oxidation (Verlicchi et al. 2010) . Moreover, for economic reasons, these advanced processes are not yet viably adaptable to WWTPs below 50,000 population equivalents, therefore alternative solutions need to be developed.
Activated carbons (AC) provide efficient retention of xenobiotics due to their microporous structure that offers very high specific areas of up to 2,000 m 2 g −1
. Filtration on granular AC enabled removal efficiencies of up to 90 % for a majority of xenobiotics, including carbamazepine and diclofenac (e.g., (Westerhoff et al. 2005; Martin Ruel et al. 2011) ). High removal efficiencies were also obtained by adding powder-activated carbon into a membrane bioreactor, with removal efficiencies above 90 % for atrazine, naproxen, and estrone (Snyder et al. 2007 ). Nevertheless, the use of ACs at the tertiary treatment stage runs into several issues, notably their price and the environmental cost of the production/regeneration step (Crisafully et al. 2008; Verlicchi et al. 2010) . Identifying alternative materials to AC is therefore a key issue for tertiary treatments to remove xenobiotics from WWTP effluent.
The last decade has seen a surge in papers on the adsorption capacities of chemical substances by various adsorbent materials (batch assay tests). Much of this literature is devoted to dyes (Crini 2006; Gupta and Suhas 2009) , phenols (Ahmaruzzaman 2008) , and heavy metals (Bailey et al. 1999; Babel and Kurniawan 2003) . Besides ACs, reviews have also focused on wastes from industry or agriculture (Bhatnagar and Sillanpää 2010) , chitosan and chitin derivatives (Bhatnagar and Sillanpää 2009) , natural zeolites (Wang and Peng 2010) , sawdust (Shukla et al. 2002) , biosorbents such as dry activated sludge and yeast (Aksu 2005) , polymeric materials (Pan et al. 2009 ), and cellulose-based materials (Wojnárovits et al. 2010 ), but unfortunately without reporting any data on pesticide and PhAC adsorption capacities. The relevant knowledge on PhACs and pesticides is spread across papers dealing with individual results from batch assays (i.e., one adsorbent in contact with one xenobiotic), and some of them were recently inventoried by Dordio and Carvalho (2013) . This paper set out to draw up a qualitative and quantitative overview compiling the available literature data describing the pesticide and PhAC adsorption potential of ACs, mineral adsorbents, and other adsorbent materials. We set out with three aims: (1) to identify the most promising AC alternatives capable of adsorbing hydrophilic xenobiotics, (2) to identify relationships between adsorption parameters based on material characteristics so as to predict adsorption potential, and (3) to recommend technical and research directions for refining and improving the data used. We thus built a database by compiling the results of experimental adsorption assays (Langmuir parameter values) found in the literature, including metadata such as the physicalchemical characteristics of the adsorbents and the experimental conditions applied. Special attention was devoted to selecting the data and compiling reliable results relevant to adsorption potentiality.
Materials and methods

Construction of the database
We built a database compiling published Langmuir parameter data on various adsorbents tested with aqueous solutions at lab-scale in completely mixed-batch reactors (Homem and Santos 2011 ). The Langmuir model (Eq. 1) considers a maximum adsorption capacity ('MAC', in mg g ) and an affinity constant ('b', in L/mg) to model the equilibrium values between the xenobiotic concentrations in an adsorbent material and the liquid phase:
The Langmuir parameters are always expressed in the same dimension, contrary to Freundlich parameters (Kf and n) for which Kf unit depends on n value (Xu et al. 2009 ). Hence, the use of Langmuir parameters enabled us to compare MAC and b results between different studies.
We then imported physical-chemical characteristics of studied substances, such as log K ow , solubility, pKa, Henry's constant, and molecular weight. These values were extracted from http://www.syrres.com and http://toxnet.nlm.nih.gov (see Online Resource 1). We also collected physical characteristics such as specific area, pore volume and diameter, particle size, density, point of zero charge 'pH pzc ', plus chemical characteristics, and price. Crucially, we documented the conditions under which the Langmuir parameters were determined. These metadata describe the operating conditions of the batch experiments: initial concentration, water type (synthetic, surface, groundwater, release from a secondary WWTP), pH, temperature, solid/ liquid ratio, agitation speed, and time to reach equilibrium conditions (see Online Resource 2 to see metadata on the experimental conditions applied).
Data selection strategy
We developed a strategy to exploit only selected results on Langmuir parameter values. This data selection strategy was implemented as follows:
-Adsorbent materials produced from certain kinds of waste such as dried sludge (Aksu and Yener 1998) or plant material like sunflower stem waste (Sun and Xu 1997) or garlic peel were excluded as they are not mechanically resistant in water and may consequently release undesirable xenobiotics into the aquatic environment. -We chose physical-chemical conditions within the usual range characteristic of domestic wastewater, i.e., pH in the range 5 to 9 and temperature in the range 5 to 30°C. -We chose data on adsorption with the more frequent type and generated with spiked synthetic water for homogeneity reasons due to the lack of data on natural waters (such as rivers and groundwater). -We excluded results when time-to-equilibrium was longer than 24 h, as this duration would not be relevant for a tertiary treatment application. -Experiments carried out in completely-mixed reactors (batch) were ignored if carried out under conditions far removed from conventional secondary effluents treatment.
Consequently, the selected dataset thus originates from batch studies considering the adsorption of only one substance in synthetic water free of organic matter. We found no papers reporting adsorption performances for a cocktail of xenobiotics.
The database ultimately obtained contains data extracted from 38 research papers published between 1998 and 2010 (see Online Resource 3 for the full reference list). It gathers 108 individual data on MAC values (but only 43 corresponding b parameter values) concerning 65 xenobiotics (pesticides and pharmaceuticals) and 58 adsorbent materials.
Results
Description of the xenobiotics and the adsorbent materials in the database
Xenobiotics studied
Among the data gathered in our database, pesticides were the most studied substances, with 63 data items followed by PhACs (45 data items); Fig. 1 .
The PhACs most represented were metabolites (salicylic acid and tetracycline hydrochloride; Fig. 1a ), accounting for 34 % of the 45 PhAC data items, followed by analgesics/ antiinflammatories (ibuprofen, ketoprofen, diclofenac) and antibiotics (amoxicillin, ciprofloxacin), which represented 28 and 21 % of the pharmaceuticals, respectively. The PhACs most rarely studied for adsorption were antilipemic (clofibric acid) and antiepileptic (carbamazepine) substances that represented 2 and 4 % of the PhAC data items, respectively.
The pesticides most represented were organochlorines (lindane, alachlor, acetochlor; Fig. 1b) , accounting for 30 % of the 65 pesticide data items, followed by carbamates and urea (diuron, isoproturon), which represented 14 and 12 % of the pesticide data items, respectively. The pesticides least represented were organophosphates (diazinon, methyl parathion) and triazines (atrazine, simazine) that represented 9 and 7 % of the pesticide data items, respectively.
The literature only featured adsorption performances for a few of the xenobiotics usually measured in domestic treatment plants effluents (such as sulfamethoxazole, carbamazepine, diclofenac, isoproturon, and diuron; (Ayranci and Hoda 2005; Polubesova et al. 2006; Sarkar et al. 2007; Bui and Choi 2009; Vergili and Barlas 2009) ). Unfortunately, each data was measured on different adsorbent materials, making it difficult for us to use them.
Adsorbent materials studied
The available MAC data for ACs, mineral, and other adsorbent materials are presented for PhACs (Fig. 1c) and pesticides (Fig. 1d) . Complementary metadata on the description of adsorbent materials studied are detailed in online resource 4.
For PhACs, ACs represented 27 % of the 45 data items. Alternative adsorbent materials were extensively studied (73 % of the data: 52 % on mineral materials and 21 % on other adsorbent materials). For pesticides, ACs represented 35 % of the 63 data items. Alternative adsorbents were also widely studied (65 % of the data on pesticides: just 19 % on mineral materials and 46 % on other adsorbent materials). The ACs studied are commercial products that were manufactured from different sources such as cork (Mestre et al. 2009 ), coconut shell, wood (Quesada-Peñate et al. 2009 ), date stones ), or banana stalk (Salman and Hameed 2010) . The mineral adsorbent materials studied were essentially composed of different classes of modified clays (e.g., (Polubesova et al. 2006; Chang et al. 2009a) , one silica (Bui and Choi 2009) , and one modified zeolite (Lemić et al. 2006) . Clays were thermally and chemically modified to increase their porous structure and change their surface chemistry to improve adsorption affinity. Other adsorbent materials were generally organic and composed of chitosan derivatives (Adriano et al. 2005; Ding et al. 2009 ), polymeric materials (Otero et al. 2004; Vergili and Barlas 2009) , some agricultural wastes such as rice bran (Adachi et al. 2001) , or chestnut shells (Zuhra Memon et al. 2007 ).
Substances and adsorbent materials suffering from a lack of data
No Langmuir parameters were found for some substances poorly removed by conventional WWTPs, including a number of pesticides and metabolite (glyphosate, AMPA), pharmaceuticals such as the antibiotic roxithromycin and beta-blockers (atenolol, sotalol), and some personal care products such as galaxolide (Martin Ruel et al. 2010) . Moreover, we found few data for some poorly-removed PhAC, including carbamazepine (two MAC data) and diclofenac (one MAC data). This relative lack of data could be due to the fact that these substances are still not regulated under environmental quality or drinking water standards.
Several adsorbent materials, even those that show adsorption potential (e.g., large specific area and pore volume), are still without Langmuir parameter data. For example, no Langmuir parameter values were found for apatite, despite the fact that it has been shown to possess a good adsorption/precipitation capacity for phosphorus (Molle et al. 2005) . Chitin-based adsorbents such as chitosan and cyclodextrin have relatively good MAC values (>100 mg g −1
) for substances such as heavy metals (Babel and Kurniawan 2003) and dyes (Crini 2006 ) but have rarely if ever been studied for PhAC and pesticides adsorption. Peat is an organic material that has good adsorption capacities (>100 mg g −1
) for metals such as chromium (Brown et al. 2000) but has not been studied for PhAC and pesticide adsorption. Finally, no data were found on pozzolan (natural volcanic rock with a highly-developed porous network such as zeolite) or coco fiber.
Data on Langmuir parameters
The MAC and b Langmuir parameter values available for PhACs and pesticides are presented in Table 1 (Lemić et al. 2006) . Values in the range from 5 to 50 mg g −1 were obtained for six antibiotics (tetracycline and derivates, and sulfamethoxazole and derivates) in contact with modified clay (Polubesova et al. 2006 ) and for salicylic acid and ciprofloxacin in contact with mineral materials such as goethite, kaolinite, or bentonite (Xu et al. 2007; Zhang and Huang 2007 , respectively, for the adsorption of tetracycline antibiotic (Chang et al. 2009a; Chang et al. 2009b) .
For alternative materials, MAC values ranged from 1 to 30 mg g −1 , i.e., similar to the range measured for mineral adsorbents. Only two adsorbents showed higher MAC values: sephabeads (polymeric material) at 45 and 82 mg g −1 for salicylic acid (Otero et al. 2004 ) and carbonaceous industrial waste at MAC values ranging from 208 and 212 mg g −1 for the adsorption of two pesticides (carbofuran and 2,4-D, respectively) (Gupta et al. 2006) . , respectively (Mestre et al. 2009; Bui and Choi 2009) . The only b parameter values available for both ACs and alternative adsorbent materials concerned a pharmaceutical (ibuprofen). In this case, b value was very high (13.3 L mg −1 ) for the alternative material, as it is chemically modified, but this value remains unusual for such adsorbents.
To explore the differences between reported experiment results and get a more thorough basis for cross-comparing adsorption capacities between alternative adsorbent materials, different materials need to be tested using a common batch test procedure. Indeed, from one study to another, the data were collected under various experimental conditions working with different initial xenobiotic concentrations (from dozens to several hundred mg L ), as shown in online resource 2. Besides the fact that these differences limit the scope for comparison between alternative materials, those values are very far from the concentration levels measured in WWTPs effluents (few ng L −1 to μg L
−1
). These differences may support competition phenomenon or pore blocking and may alter the data quality and utilization of adsorption results published in literature (Limousin et al. 2007; De Ridder et al. 2011) .
Relationships between Langmuir parameters and adsorbent and xenobiotic characteristics
The aim here was to determine potential relationships between Langmuir parameters and the characteristics of substances and adsorbent materials in order to predict MAC and b parameters based on material characteristics. We ran principal component analysis (PCA) on the dataset composed of the 22 cases where the following variables were fully documented in the database: MAC and b Langmuir parameters, specific area and pore volume of the adsorbent material (other characteristics were too rarely mentioned), log K ow , molecular weight, and solubility of the xenobiotics (Fig. 2) . The subset of data was composed of 11 data items from ACs, 6 from mineral materials and 5 from other alternative materials.
As shown in Fig. 2 , we found a relationship between MAC and specific area, as the projections of vectors onto the plane represented by axes 1-2 were collinear, and the variance was well-explained. In contrast, MAC was unrelated to pore volume of adsorbent materials and unrelated to substance characteristics such as log K ow and solubility. These results warrant care, as they only concern a limited dataset (n=22). We therefore checked the robustness of the approach by plotting MAC versus specific area with a larger dataset extracted from the database (n=106) (data not shown). We found no evidence of the relationship suggested earlier (via PCA analysis) between MAC and specific surface area of the adsorbent materials. Indeed, some materials with a high specific area (>1,000 m 2 g −1
) showed low MAC values and vice-versa. Thus, the MAC parameter could not be predicted based solely on specific area of the materials. The observed differences may be explained by other parameters rarely mentioned in research papers, such as pore volume, pore diameter, or chemical characteristics. To go further in the interpretation and/or prediction of adsorption results, researchers should also consider xenobiotic hydrophobicity, polarizability, aromaticity, and presence of H-bond donor/acceptor moieties, as with the Fig. 2 Correlation circle of PCA analysis (axes 1-2) with Langmuir parameters (MAC and b) and possible explanatory variables for studied adsorbent materials (specific surface area and pore volume) and for target xenobiotics (molecular weight, solubility, and log K ow ). Data set, n=22 quantitative structure-activity relationship model developed for one AC (de Ridder et al. 2010) . The b Langmuir parameter representing xenobiotic affinity to material surface was not correlated to any of the considered variables. This could be due to the fact that this PCA was unable to integrate information on the material surface chemistry or chemical moieties of the xenobiotics. , chitosan alginate showed a higher equilibrium concentration in solid (Q e =0.042 mg g −1 ) than AC
(Q e =0.018 mg g −1 ). Thus, considering the strong influence of the Langmuir b parameter on Q e at low C e levels, we recommend systematically evaluating this parameter for use in WWTP applications.
Conclusions
Using an original database approach, we compiled literature values of Langmuir parameters (MAC and b) for various adsorbents in contact with synthetic water spiked with individual xenobiotics (pesticides and pharmaceuticals). A total of 108 MAC and 43 b Langmuir data items were sorted for three types of adsorbents (i.e., ACs, mineral adsorbents, alternative adsorbent materials). We found 12 and 22 MAC values for the adsorption of PhACs and pesticides on ACs but only 33 and 41 MAC values for the adsorption of PhACs and pesticides on all alternative adsorbent materials. Using our database, we demonstrated that activated carbons offer clearly superior adsorption capacities for hydrophilic xenobiotics compared to other mineral or alternative materials that perform far less well. But the lower price of alternative materials compared to activated carbons could be a driving force for their use in wastewater treatment. Indeed, activated carbons cost about €1,000 per ton, while alternative materials such as clays and zeolites cost about €30 per ton (Rakić et al. 2013) . The broad range of reported values and low number of data available make it difficult to reliably cross-compare alternative materials. To progress on the comparison of adsorption capacities between alternative adsorbent materials, we need a higher number of data, covering the full panel of potential adsorbent materials. Data produced using a common batch test procedure would greatly improve the comparability of adsorption performances. We recommend that authors detail the physical-chemical characteristics (e.g., surface chemistry) of the adsorbent material and determine Langmuir b parameter together with MAC value, as b parameter greatly influences the calculation of the adsorbed value Qe. The work underlines that on the basis of the available literature data, it remains difficult to select an alternative material to AC capable of adsorbing pesticides and PhACs at a tertiary treatment stage. Further lab-scale experiments should be carried out using a common experimental protocol for different adsorbents. Studying adsorption under the presence of a cocktail of several xenobiotics (not studied individually) would give useful information on competition and interactions.
